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ES.1. EXECUTIVE SUMMARY

ES.1.1 Introduction

The North American Technology and Industrial Base Organization (NATIBO) undertook
this corrosion detection technologies study to assess the industrial base, maturity, level of use,
utility, and viability of corrosion detection technologies for land, air and sea applications. From
this analysis, conclusions regarding these technologies and their further commercialization are
discussed. The recommendations addressing these conclusions are then provided for potential
future action. Joining the NATIBO in this effort for the first time is the Australian Department
of Defence.

ES.1.2 Technology Overview

ES.1.2.1 Corrosion Fundamentals

Corrosion of metal in military systems is a highly complex phenomenon and takes many
different forms. The result of all corrosion is the loss of strength of the material and the structure.
Understanding the various forms and combinations of corrosion is essential to determining the
importance of each and to finding the most appropriate technologies for detection and
characterization of corrosion.

The following table summarizes the types of corrosion that can damage structures and their
characteristics.

Table ES-1. Corrosion Types and Characteristics.

Corrosion Appearance By-Product
Type
Uniform Exposureto corrosive Irregular roughening of the Scale, metallic salts
Attack environment exposed surface
Pitting Impurity or chemical Localized pits or holes with | Rapid dissolution of the
discontinuity in the paint cy lindrical shape and base metal
or protective coating hemisp herical bottom
Inter- Presence of strongpotential | Appears at the grain or Produces scale type
granular or | differences in grain or phase | phase boundaries as uniform | indications at smaller
Exfoliation | boundaries damage magnitude than stress
corrosion
Crevice Afflicts mechanical jonts, | Localized damage in the Same as scale and pitting
such as coupled pipes or form of' scale and pitting
threaded connections.
Triggered by local
difference in environment
comp osition (Oxy gen
concentration)
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Corrosion Appearance By-Product
Type
Filiform High humudity around Fine, meandering, thread-like | Similar to scale. Lifting
fasteners, skin joints or trenches that spread from of'the coating,
breaks in coatingcausean | the source
electrolytic process
Galvanic Corrosive condition that Uniform damage, scale, Emission of mostly
Corrosion results from contact of surface fogging or tarnishing | molecular hy drogen gas
different metals in a diffused form
Stress M echanical tensile stresses | Micro-macro-cracks located | Inttially produces scale-
Cormrosion | combined with chemical at shielded or concealed type indications.
Cracking suscep tibility areas Ultimately leads to
cracking

The various processes of corrosion are affected by several factors. Among these are the type
of material selected for the application, the heat treatment of the material, the environment of the
application, and the presence of any contaminants in the material itself.

ES.1.2.2 Corrosion Detection Technology Areas

Corrosion detection is a subset of the larger fields of NonDestructive Evaluation (NDE) and
NonDestructive Inspection (NDI). Many of the technologies of NDE/NDI lend themselves to
the detection, characterization and quantification of corrosion damage. The following table
summarizes the major advantages and disadvantages of the primary corrosion detection and
characterization technologies.

Table ES-2. Summary of Corrosion Detection NDE/NDI Technologies.

Technology | Advantages | Disadvantages ‘
Visual * Relatively inexpensive * Highly subjective
* Large area coverage * Measurements not precise
* Portability * Limited to surface inspection

» Labor intensive

Enhanced Visual | e Large area coverage * Quantification difficult
* Very fast * Subjective - requires experience
* Very sensitive to lap joint corrosion | * Requires surface preparation

* Multi-layer

Eddy Current * Relatively inexpensive * Low throughput

* Good resolution * Interpretation of output
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* Multiple layer capability
* Portability

* Operator training

* Human factors (tedium)

Technology

Advantages

Disadvantages

Ultrasonic * Good resolution * Single-sided
* Can detect material loss and * Requires couplant
thickness « Cannot assess multiple layers
* Low throughput
Radiography * Best resolution (~1%) * Expensive
* Image interpretation » Radiation safety
* Bulky equipment
Thermography * Large area scan * Complex equipment

* Relatively high throughput

« “Macro view” of structures

* Layered structures are a problem

* Precision of measurements

Robotics and
Automation

* Potential productivity improvements

* Quality assurance
* Reliability

The study team encountered a great variety of technologies in various stages of maturity.
These technologies are being pursued in university research labs, industry R&D programs and
government laboratories. Table ES-3 below summarizes the observed trends in the directions that
the various technologies seem to be headed, based on the research and site visits performed in the
generation of this sector study.

Table ES-3. Corrosion Detection Technology R&D Trends.

Technology |

Enhanced Visual

* Quantification of corrosion

* Scanner-based systems

» Automation of image interpretation

* Film highlighters for temporary surface modification

Observed Trend

Eddy Current

» More sophisticated signal and data processing (pulsed
eddy current, C-scan imaging)

» More sophisticated sensors (multi-frequency)

Ultrasonic
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many jurisdictions radiographic facilities and operators are required to be licensed. Field
operation of x-ray equipment requires that personnel be kept at some distance from the radiation
sources. The emphasis on worker safety and concerns for liability judgments serve to impede the
wider implementation of radiographic techniques.

ES.1.4.2.2.5 Thermography Perceived as Not Effective or Reliable

Thermography depends on operator interpretation of how an image of the structure in
question differs from an image of a perfect or, at least, acceptable, structure. Thus, for every
image produced, there must be a means to compare that image against that of a similar undamaged
structure. Combined with the fact that thermographic images are somewhat “fuzzy” compared to
other imaging techniques (visual, radiographic, etc.), many users remain skeptical of the precision
and reliability of thermography as a corrosion detection technology. This is due to the fact that
thermographic images are captured by IR cameras that are made up of an array of detectors, each
detector contributing one pixel to the overall picture. Thus, IR cameras have much lower
resolution than visual photographic processes (in much the same way that a photograph has
much better resolution than a television image).

ES.1.4.2.2.6 Human Factors Limitations

Much of the work in inspecting for corrosion is repetitive and, in a word, tedious. Take into
account that much of the work is done in awkward locations and sometimes under adverse
environmental conditions (darkness, cold, etc.) Added together, the problem of inspection for
corrosion goes well beyond that of just the technology of the sensing device and the processing of
the information. It must include an array of human factors that will limit the overall effectiveness
of the inspection process.

ES.1.4.2.3 Policy/Fiscal Barriers

ES.1.4.2.3.1 Cost of Corrosion Difficult to Calculate

Determining the costs of corrosion in the life cycle of a system is difficult to calculate. There
currently is no baseline for this type of measurement and no good cost data at present. Hence,
the costs of corrosion are not considered upfront in the acquisition cycle since no benchmark for
measuring the impact of corrosion has been established. In addition, an effective cost/benefit
analysis of the cost savings generated by implementing a corrosion detection technology is
difficult to quantify.

ES.1.4.2.3.2 Commercial Airlines/Military Have No Economic Incentive to Improve Probability of
Detecting More Corrosion

In commercial operations, there are cases where original equipment manufacturers have
specified that when corrosion is determined to be less than 10% loss per layer, the operator has
the choice of repairing the damaged area immediately or deferring the repair until the loss reaches
10%. However, the second option requires that the corroded area be re-inspected periodically.
This is a heavy disincentive to the deployment of systems capable of detecting corrosion below
10% if a system capable of detection of 10% is defined to be adequate. Correcting corrosion
damage at short intervals is inefficient, even though the immediate maintenance action may
prevent larger repairs later. Operators typically want to perform all corrosion repairs during a
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single downtime to minimize overall downtime. This leads operators to defer corrective actions
until the greater 10% material loss is detected.

Perhaps the most attractive economic incentive to the commercial airlines would be improving
the productivity of the inspection process, thereby reducing the cost of maintenance, assuming
that that can be done without compromising the safety or the service life of the aircratft.
Economic incentives would surface if more developments were to occur in the area of condition
based models where they could use the knowledge and exert control over how a corroded
component is repaired and treated and tracked (such as what is presently used for fatigue and
crack growth analysis), rather than simply removing all corrosion in all cases, which can end up
damaging the structure even more. In other words, corrosion models are needed to determine the
consequence of repairing it or treating it, or leaving it alone to make better informed decisions.
(The models would take the effects of the corrosion damage on the fatigue life of the aircraft, and
require accurate quantitative NDT input).

With regards to the military, employing new technologies cost money and, as with the
airlines, this cost must be weighed against the return on investment to the facility. Without
quantitative cost data to support a decision to invest in new technologies, most of the actual
users would not incur such an expense at the depot level.

ES.1.4.2.3.3 Cumbersome, Lengthy Process for Emerging Techniques to Gain Wide
Acceptance/FAA-OEM Approval

Currently, Service Bulletins are developed by the Original Equipment Manufacturers
(OEMs) to deal with specific maintenance problems. The FAA may issue Airworthiness
Directives (ADs) to deal with problems of a more urgent nature. Service Bulletins receive FAA
approval before issuance. Airline maintenance operations may implement the Service Bulletin
through an Alternate Means of Compliance (AMC). While the AMC is valid for the developing
airline, it is not useable by another maintenance organization. In their quest to control costs,
airlines seek lower cost alternatives to mandated inspection and repair requirements. The
approval process for an AMC is lengthy and expensive. Thus, any new technology that has
promise to improve the inspection process and the productivity of the maintenance operation
faces a not inconsequential approval cycle before it is generally accepted in the customer
community.

ES.1.4.2.3.4 Increased Training Requirements for Technicians to Use Different Technologies

Every different corrosion detection technology will entail different training requirements.
Eddy current and ultrasonic sensors produce displays that require a high degree of sophistication
to properly interpret. Improved processing of newer techniques, such as stepped pulsed eddy
current, provide c-scan images that are much more intuitive but still require expert interpretation,
especially in determining when a particular threshold has been exceeded and some expensive
repair process is required. The range of technologies also expands the knowledge required to
interpret the results. Thus, for a technician to be considered fully qualified in all areas necessary
to perform a complete corrosion inspection, many more skills are required than before. Coupled
with this is the fact that the number of trained NDT inspectors is dwindling due to base closures
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and consolidations and turnover at the maintenance level. Hence, the Services are experiencing a
loss of corporate memory through retirement of key personnel.

ES.1.5 RECOMMENDATIONS

ES.1.5.1 Request the Corrosion Sub-Panel of TPAM Perform Added Coordination
Activities

To ensure the widespread dissemination of published reports on corrosion and that
information regarding corrosion detection techniques, advances, and implementation are
effectively coordinated throughout the NDE/NDI community, the Corrosion Sub-Panel of
TPAM should be approached about taking on the responsibility of:

. Coordinating and promoting interaction between the Services and identifying common
problems

. Establishing a central repository of reports and other corrosion related information

. Improving report distribution

. Pooling information on system failures/corrosion problem areas

. Establishing a Point of Contact database of technology experts (placed online and updated

annually) so that timely consultation on specific corrosion related issues can be achieved.

If buy-in to these coordination activities is achieved, perhaps this panel could enlist the aid of
the NTIAC to support these efforts.

ES.1.5.2 Appoint Recognized Champions to Push for Corrosion Agenda and
New/Higher Fidelity Techniques

To ensure that the entirety of system life cycle costs are considered in the procurement
process, identify and enlist military champions to “market” the savings to Programs/Program
Managers from 1) building into the design of the system protective measures to protect against
corrosion and 2) including processes for detecting corrosion problems early in a system’s life
cycle. Additionally, the logistics community should be made aware of the importance of
corrosion prevention and corrosion control in planning for the life cycle support of systems and
in developing R&D requirements for extending the life cycle of weapon systems. These
champions could emphasize the importance of considering corrosion costs as an independent
variable for determining life cycle costs and push for establishing benchmarks for measuring the
impact of corrosion on the service life of a system. In order to better define these costs, the
champions could recommend that economic models be developed that address the costs of
corrosion in the life cycle of the system and address the savings realized by planning for
corrosion detection upfront and detecting corrosion early on in the system’s maintenance life. In
addition, these champions could strive to establish an integrated approach to tackling corrosion
issues, ensuring that Integrated Product Teams consisting of structural engineers, NDE/NDI
personnel and researchers address these issues in a joint fashion.
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ES.1.5.3 Target Insertion/Demonstration Program

In order to demonstrate the benefits derived from employing a certain corrosion detection
technology(s), a widely applicable, high payoff, dual use insertion/demonstration program would
be an ideal mechanism. A candidate for an insertion/demonstration program might be multi-sensor
and multiple data fusion, incorporating automation/robotics as deemed feasible. These
suggestions support the findings of the National Research Council, and have met with
widespread backing from the members of the NDE/NDI community. Industry and government
input would need to be solicited to develop a DoD/DND/Australian-specific program that
involves the fusing of as many NDE techniques as possible. Researchers, developers and end-
users would participate in the identification and selection process.

ES.1.5.4 Streamline Process for Inserting Newer Techniques into OEM Maintenance
Procedures

The feedback from the research community through the OEMs back to the users and
operators of the systems should be shortened. It should be possible to incentivize this process to
reward improvements that can enhance system reliability and extend the life of a system while
reducing the cost of inspection and repair. The use of electronic updates to inspection and repair
manuals can reduce the administrative delay.

ES.1.5.5 Increase Collaboration Between the Military Departments and University
NDE/NDT Departments on Training

Training is usually an afterthought following the development of new inspection technologies
and tools. It should be possible to procure integrated training along with any new inspection
tools. Such training would be essential until each using organization was able to develop a core of
expertise and thereby be able to conduct their own training programs.
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1. INTRODUCTION

1.1Background

The North American Technology and
Industrial Base Organization (NATIBO) is
chartered to facilitate cooperative technology
and industrial base planning and program
development among the U.S. military
Services and Canada. To further this
mission, the NATIBO has spearheaded an
effort to address the challenges of advancing
and maintaining technological superiority in
light of reduced government research and
development funding. The criteria used for
selecting technologies to study through this
program are:

* The candidate is a key technology area of
high interest

* There is potential for both military and
commercial applications

* Development and/or production exists in
both the U.S. and Canada

e There is a good window of opportunity
for investment and application.

Through this initiative, common areas of
interest are assessed jointly, allowing
participating organizations to capture the
information they need cost effectively, avoid
duplication of effort, and capitalize on scarce
resources.

Through a lengthy selection process, the
area of corrosion detection technologies was
chosen as the technology area to address
through the NATIBO’s technology base
enhancement program. Joining the NATIBO
in this effort for the first time is the
Australian Department of Defence. In the
course of high level, trilateral discussions,
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the Australian Government determined that
this technology area of study was of keen
interest to them as well and decided to
become involved in this NATIBO study.

Corrosion involves a number of issues
which need to be taken under consideration
when addressing the seriousness of the
corrosion problem throughout the U.S.
Department of Defense, the Canadian
Department of National Defence, and the
Australian Department of Defence.
Corrosion is a force structure issue. Every
year, some number of weapons systems
(aircraft, vehicles, etc.) are retired based on
being too expensive to repair. These assets
are not replaced on a one-for-one basis, thus
the overall force structure is reduced, for a
net result of a loss of capability. As systems
age, their associated maintenance and repair
needs increase. For example, the depot
overhaul time for KC-135 aircraft has nearly
doubled in recent years. This means that
each asset will be out of the active (combat
coded) fleet for longer periods, reducing the
number of assets available for operations at
any given time.

Corrosion is an economic issue. It costs
the three Governments millions of dollars
per year to manage corrosion. Corrosion is,
in many instances, difficult to detect and
difficult to repair. The expected service life
of an older system is harder to predict when
corrosion damage has been incurred.
Increased expenses for inspection,
maintenance and repair inevitably mean
fewer resources available for operations,
training and contingencies. Furthermore,
some of the most accurate methods for
detection and characterization of corrosion
are also very expensive.
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Corrosion is a technical issue. The causes
and effect of corrosion are not well
understood. There are many forms and
combinations of corrosion just as there are
many different means to detect and
characterize corrosion. No single means of
detection is either ideal or even suitable for
all forms of corrosion. As in so many other
areas, the area of corrosion detection is
limited by a probability of detection and by
the characterization and accuracy of the
results. Thus corrosion is a highly complex
technical issue. Even so, it is often treated as
a subset of nondestructive testing and
evaluation.

Corrosion is a long-term issue. Newer
systems are designed and built using better
materials, adhesives, coatings, etc. They
incorporate many of the lessons learned
from building, operating and maintaining
older systems. The corrosion problem
occurs slowly and is obviously most
advanced in older systems. The maintenance
requirements of older systems increase with
the age of the system, though this increase is
not entirely predictable.

Corrosion is an education and training
issue. Corrosion involves many different
disciplines, including mechanics, strength of
materials, electrical engineering, chemistry,
and others. Corrosion is often treated as a
technician-level problem in the field. While
this is not a glamorous career field, it
typically takes on the order of ten years
experience to become considered highly
qualified in the field. The typical corrosion
inspector, if he does his job well, will likely
generate only bad news, i.e., the need for
more than planned maintenance and repair,
and therefore higher than planned expenses.
The education and training of corrosion
inspectors tends to be ad hoc rather than
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defined by specific curricula and career
progression ladders.

Corrosion is a safety issue. This study is
not intended to exhaustively examine the
safety impact of corrosion, but it cannot be
ignored. Within previous case studies, there
is evidence to suggest that corrosion is a
primary cause factor and a contributing
cause factor in a substantial number of
safety incidents and accidents.

In addition to these considerations, the
DoD, DND, and Australian corrosion
technology infrastructure is being affected
by a number of factors that are having an
impact on resources to combat corrosion and
extend the life of existing systems. These
include:

* Possible reduction of current budget
levels

* Loss of manpower through base
closures and consolidations

* Loss of corporate memory through
retirement of key personnel

e  Turnover at the maintenance level

¢ Increased environmental restrictions.

1.2Purpose

The purpose of this study is to assess
the industrial base, maturity, level of use,
utility, and viability of corrosion detection
technologies for land, air and sea
applications. Non-destructive
evaluation/non-destructive inspection
(NDE/NDI) equipment manufacturers have
not been focused on developing corrosion
detection technologies for military systems.
Rather, they have concentrated on
developing technologies to detect cracks in
pipes in the electric, nuclear power and
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pipeline industries because these industries
offer a higher payoff.

This report investigates corrosion
detection technologies from technological,
policy, financial, cultural, and effectiveness
points of view and develops conclusions
regarding the status of these technologies
from each of these perspectives.
Recommendations are presented regarding
actions that the defense and industrial
community might consider in response to
these conclusions.

1.30bjectives

This study identifies and assesses the
maturity and applicability of corrosion
detection technologies to solve the problem
of detecting corrosion that is found in both
the defense and commercial industry.

The objectives of this study are to:

Conduct a complete and thorough
analysis of present and emerging
corrosion detection technologies

. Identify land, sea, and air
applications of corrosion detection
technologies

. Identify corrosion detection
proponents, equipment developers and
researchers in government, industry and
academia

. Identify barriers and imp ediments
blockingthe exp ansion of corrosion
detection technologies into the industrial
base

. Develop recommendations for
government and/or industry action to
eliminate barriers and address issues.

This report explores the military and
commercial app lications of these technologies
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and the transfer of the technologes among
government organizations and between
government and private industry. Advantages
and limitations of these technologies are
discussed and compared. From this analysis,
conclusions regarding these technologies and
their further commercialization are discussed.
The recommendations addressing these
conclusions are then provided for potential
future action.

1.4Scope

This study encompasses the collection
and analysis of technical, business, and
policy information related to corrosion
detection technology research efforts and
industrial capabilities in the U.S., Canada
and Australia. The corrosion detection
technologies investigated and analyzed in
this report are:

. Visual - used for quick inspection of
welds and components; can be used with
television camera systems and enhanced
by using low power magnifying glasses

. Enhanced Visual - optical inspection
using CCD cameras, special optical and
illumination systems and sometimes
scanners. Can generate digital output for
use with other systems.

. Radiography - technique using x-
rays, neutrons, or gamma rays to image
material flaws on film or magnetic media

. Ultrasonics- technology that uses
sound waves to detect flaws or measure
material thickness

. Eddy current - an electromagnetic
technique used on conductive materials

. Thermography - infrared imaging to
identify abnormal thermal characteristics.
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| Design Materials Characterization

| Processing | Process Sensing

Assembly

detection of systems that are in
service (see Figure 1-2 above).

1.5Methodologies

The corrosion detection
technology study required a

Non-Destructive Inspection clear, concise, and well-defined
Manufacture| During Manufacture

methodology to survey

Non-Destructive Inspection government, industry and

In-Service | Including _
Corrosion Detection

academia effectively and
compile military , commercial,

980090-02

Figure 1-2. Corrosion Detection Technology political, marketplace and

Application.

Within each of these technology areas,
emerging technologcal advances are exp lored
(see Figire 1-1 below).

I‘ Visual

I‘ Radiography

I‘ Ultrasonics

I‘ Eddy Current

I‘ Thermography

Criharced visual/advar zed opliza
techniq..es [e.g.. Difrario D-3igt;

Advariued real-lire x-ray and “1eu.roi
-adiography/co nipuite” to~1ograply

Giided wave uttraaonirs/
dry collplants

Multi-frequiecy eddy nurrent/
2Qll D5/Magne.o-oplizal iMagiig

High resolution p1. sed
i~trared thermiograplhy

980090-01

Figure 1-1. Technology Advancements.

Other technologies that are addressed
include liquid penetrant, microwave NDE,
acoustic emission, electrochemical sensors,
embedded fiber-optic sensors, laser speckle
and laser moiré, galvanic thin film sensors,
neural net and classifier development, and
electrochemical impedance spectroscopy

(EIS).

Though these technologies are used in a
wide range of applications throughout the
course of manufacturing, this study is
focused on NDI as it relates to corrosion
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academic perspectives. The

data collected and analy zed for
this study were drawn from previously
published reports, conference proceedings,
journal articles, Intemet home pages and
other online sources, as well as from
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discussions with U.S., Canadian and
Australian representatives from industry,
government and academia. The
methodology employed is depicted in
Figure 1-3.

The study group’s goal was to meet with a
representative samp le of comrosion detection
technology researchers, equipment providers,
end users, proponents and policy makers.
Factors taken into consideration in selecting
sites to visit included volume and business
with the individual Services and with industry,
industrial sector involved, market niche, state
ofthe technology, applications, and new
technology development. Site visits were
conducted in six regional areas: U.S. West
Coast, U.S. Midwest, U.S. Southwest, U.S.
Northeast, Canada, and Australia.

When it was determined that an
industry, university, or government site
would not be visited, an extensive phone
interview was conducted. Data collection
guidelines were develop ed and used to
facilitate obtaining data from all points of
contact either through telep hone
interviews and/or site visits.

Data

Collection

980090-03

RecoMmer datiois

Technology
Assessment

Cost_
Analysis

Facilitators
Barriers

Research

Industrial
—] Base

Rexorsnend ati o=

Figure 1-3. S tudy Methodology.

Data collected from relevant documents,
World Wide Web sites, site visits, and phone
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interviews were analyzed and incorp orated
into key sections of this report: technology
overview, applications, corrosion costs,
research activities, industry demographics,
facilitators, barriers, and recommendations.
This report functioned as a working document
throughout the data collection and analy sis
phases of this study.

1.6Report Structure

Section 2 of this report discusses the
fundamentals of corrosion, defines the
different types of corrosion, and factors
affecting corrosion. It describes the different
technologies, the types of techniques
employed in the technology area, and the
advantages and disadvantages of the
technologies.

Section 3 provides an overview of
current and potential applications of
corrosion detection technologies. Both
military and commercial land, air and sea
applications are considered.

Section 4 addresses the issue of
corrosion costs and demonstrates how
corrosion is an increasingly expensive
problem.

Section 5 presents an overview of the
government, commercial and academic
institutions currently active in the corrosion
detection technologies field.

Section 6 highlights the industry
demographics of the corrosion detection
technologies arena, and projects the industry
outlook for each technology.

Section 7 addresses facilitators enabling
advancement of current and emerging
corrosion detection technologies.
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Section 8 then addresses barriers
affecting the widespread adoption of these
technologies.

Section 9 provides relevant
recommendations made by the National
Research Council in a related study.

Section 10 provides specific
recommendations for capitalizing on the
facilitators and addressing the barriers
discussed in the report.

Helpful appendices are also provided to
assist in the reading of the report.

2. Corrosion Technology

This section provides an overview of the
physical phenomena of corrosion, a
description of its various forms and
complexities, and an overview of the
prominent technologies employed and under
development to detect and characterize
corrosion.

2.1Corrosion Fundamentals

Corrosion is a physical phenomenon that
results in the loss of structural material and
the generation of the products of corrosion,
i.e., scale and metallic salts. The presence of
the products of corrosion are one of the
symptoms of the process. The result is the
reduction of structural strength and therefore
the useful life of a system. In general,
corrosion is time related whereas fatigue and
crack growth are cycle related. However,
both produce the same result, a loss of
physical strength of the structure of the
system in question.

Both structural fatigue and corrosion give
rise to the entire Non Destructive Evaluation
and Inspection (NDE/NDI) industry. This
industry and its research activities in
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industry, academia and government focus on
technologies that are useful for detection of
structural flaws in the form of cracks and
corrosion, both of which reduce the inherent
strength of the structure.

Over the past 30 years or so, great
progress has been made in the modeling and
understanding of crack growth. This is
exhibited in the relatively new field of science
known as fracture mechanics. It is now
possible to predict with high accuracy and
assurance the growth of cracks in various
structural materials. This science is now the
basis for calculating the useful life of
systems, such as aircraft, exposed to a
predictable stress history.

Similar progress in the modeling and
understanding of corrosion has not been
made. This is at least partially due to the
many forms and combinations of corrosion,
each with different outcomes. Prediction of
corrosion damage now relies heavily on
periodic inspection, often requiring
disassembly of'the structure to find and
measure the effects of the many forms of
corrosion.

Research in NDE/NDI for corrosion is
now being conducted by many organizations
for many different applications. Research is
beingsponsored under programs such as the
FAA’s Aging Aircraft program. Much of the
basicresearch is still at the academic stage
with few transitions to commercial
application. M ost researchers agree that there
is no single “silver bullet” that will enable
affordable, large improvements in corrosion
related NDE/NDI technology in the near
term.

Corrosion itself is insidious. It occurs
more or less continuously and tends to seek
out areas that are not amenable to inspection,
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washing or periodic re-coating. It occurs in
areas that are hidden from direct view and in
areas that are difficult to predict. It is
frequently masked by structural features.
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Corrosion of primary structure, the load
bearing structure subject to the highest
stresses and therefore accelerated stress
corrosion, can be masked by secondary
structure. For example, corrosion in an
aircraft’s wingspar can be hidden by skin,
fillets and fuel tanks that cover the affected
area of the spar. Furthemmore, repair of
corrosion in many cases tends to hasten its
recurrence and its subsequent rate of
propagation. Finally, because corrosion is a
multi-discip linary phenomenon and its
determination is only part science and
somewhat subjective, the education and
training of corrosion specialists is a particular
challenge.

2.1.1 Definition of Corrosion

Corrosion is typically defined as the
degradation of a material, usually a metal,
because of a reaction with its environment.
The reactions by which corrosion damage
occurs are varied, but can be generally
classified as electrochemical, chemical, or
physical. Corrosion is especially imp ortant
because of its insidious nature, occurring
within materials and structures in places and
timeframes that are difficult to predict and
locate. Corrosion is the destruction of metals
by chemicals or electrochemical action and is
caused by a chemical reaction between metals
(serving as electrodes) and an aqueous
solution containing different ions and/or
dissolved oxy gen, actingas the electrolyte.
Corrosion is to be distinguished from erosion,
which is primarily destruction by mechanical
action, such as occurs in high pressure, high
flow rate tubing.

2.1.2 Typesof Corrosion
Degradation of material properties by

corrosion, or corrosion damage, can take

many forms. There have been several
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different organizations of this information,
each useful from a particular viewpoint.

For example, the mechanisms of corrosion
can be divided into time dep endent, time
related, and time indep endent cat egories.
Other categorizations are useful. For the
purposes of this report, we shall consider
the types of corrosion listed and described
in the following sections. The wide variety
of forms of corrosion gives emphasis to the
difficulty of detecting all forms with equal
assurance and accuracy. In general, detection
of corrosion is concerned with measuring the
amount of material lost through the
corrosion process. Such material loss is an
indication of the residual strength of the
material and therefore the remaining useful
life of the structure in question.

The following descriptions of the various
forms and types of corrosion and corrosive
processes are those generally used by J. J.
DeLuccia, Ph.D., former Senior Materials
Engineer with the Naval Air Development
Center and now a Professor at the
University of Pennsylvania, as described in
ATAA paper 91-0953.

2.1.2.1 General Corrosion or
Uniform Attack

As its name implies, general corrosion
attack causes the metal to be consumed
uniformly over the entire surface that is
wetted within the corrosive environment.
When a metal experiences general corrosion,
the anodes and cathodes on the surface
continually switch their behavior
(polarization) so that arelatively uniform
consumption of the metal surface occurs with
time. This type of corrosion is most easily
treated, but it is not aparticularly critical
problem on aircraft where localized corrosion
is a greater problem. General corrosion attack
would be of greater concern where large areas
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are exposed without surface treatments or
periodic cleaning. This occurs, for instance,
on ships and trucks which have large surface
areas vulnerable to surface damage and
subsequent corrosion.

2.1.2.2 Pitting

Pittingis a form of corrosion that occurs
locally and thus results in consumption of
metal in a non-uniform fashion at a specific
location. This localized attack, pitting, is more
insidious and hence more dangerous than
general corrosion. Unfortunately, most of the
common metals used in defense system
construction are susceptible to this type of
corrosion. Aluminum alloys and stainless
steels are prime examples of metals that will
pit in the presence of certain reducing anions.
The ubiquitous chloride ion falls into this
category. The hydrolysis reaction that occurs
ina pit produces a metal hydroxide and
hy drochloric acid. The hy drochloric acid
perpetuates the process, making pitting
corrosion a difficult form to counter.

Pitting corrosion is common on aircraft,
ship and land vehicle structures since age
hardenable, high strength aluminum alloy s and
steels are particularly susceptibleto this type
of attack. The localized corrosion of pittingis
itself deleterious. Additionally, the negative
geometrical aspect of pits, actingas notches or
cracks, can trigger more damage when stresses
are sup erimposed on the part. This
phenomenon will be further described in
Sections 2.1.2.7 and 2.1.2.8.

2.1.2.3 Intergranular and
Exfoliation Corrosion

All solid metals are crystalline in nature.
All metallic structures therefore consist of a
multitude of tiny crystals called grains.
When corrosion occurs preferentially along
the boundaries of these grains, the metal is
said to experience intergranular corrosion. A
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large percentage of all aircraft structures
consist of aluminum alloys that have been
worked (rolled or pressed during forming)
and hence exhibit an elongated grain

structure. When intergranular corrosion
occurs in an elongated grain structure, it is
called exfoliation. The buildup of
intergranular corrosion products along the
elongated grains is exhibited as bulging or
expansion of the material, caused by a
buildup of the corrosion products within the
material. This type of corrosion typically
starts at a machined surface (such as a
fastener hole) where the machining process
exposes and slightly opens the inter-grain
boundaries. Thus, this type of corrosion is
typically discovered as a bulging or
“pillowing” around rivets and fasteners used
in aircraft, ships and land vehicles.

2.1.2.4 Crevice Corrosion

If a stagnant area in the form of a
crevice or debris deposit occurs on the
surface of a metal exposed to an aqueous
environment, accelerated corrosion can be
exp ected to occur within the crevice or
debris deposit. The area within the crevice
or under the deposit becomes a total anode
(the electrode where active corrosion
occurs). The areas immediately adjacent to
the crevice or debris become the operative
cathode. A classic example of crevice
corrosion is that which occurs at lap joints
that allow ingress of the environment.
Much of the crevice corrosion observed on
aircraft is a result of differences in oxygen
concentration within the crevice and
adjacent to it. Crevice corrosion as well as
the previously defined pittingis further
exacerbated by the stagnant corrosive
products becoming more acidic with time.
The same hydrolysis reaction described
earlier occurs within a crevice.

M980175UN
FINAL7A.doc.DOC

It should be noted that bonded aircraft
joints can experience bond material (usually
epoxies) deterioration. When these bonding
resins deteriorate, they become brittle and
subject to moisture accumulation. Thus the
presence of adeteriorated surface bond can act
to retain moisture and lead to crevice corrosion
ofthe joint. Even in the absence of resin
bonding, fastened joints can experience crevice
corrosion at the nterface of the joined
surfaces. This form of crevice corrosion can
also cause surface bulgng or “pillowing.”

2.1.2.5 Filiform Corrosion

Filiform corrosion occurs under paint
films in hot and humid environments. It may
start as a corrosion pit at a paint defect or at
an unpainted edge. Instead of the pit
progressing deeply into the metal, it remains
close to the surface and meanders about
under the paint film or even under the
cladding of some clad aluminum alloys. This
form of corrosion is more prevalent in
aircraft, vessels, and land vehicles operated
in hot, wet conditions. The appearance of
filiform corrosion, once the paint or surface
film is removed, gives the visual impression
of surface worm damage as sometimes
occurs in wood products.

2.1.2.6 Galvanic (Dissimilar
Metal) Corrosion

Iftwo different metals are brought into
contact in an electrolytic solution, the resulting
system is the familiar galvanic cell. The metal
nearer the top ofthe galvanic series (or
galvanic scale) forms the anode; the other
metal is the cathode. The electrical connection
needed to complete the circuit is provided by
the contact between the two metals. The rate
of corrosion activity is governed by the
relative positions of the metals in the galvanic
series, the more widely separated metals
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corroding faster due to the greater difference in
electrical potential between them.

As in all electrochemical corrosion
processes, damage is observed as metal
loss at the anode, accompanied by the
formation of corrosion-product deposits
on one or both surfaces. The rate of
corrosion will be a function of the galvanic
differential or separation on the galvanic
scale. As an examp le, boats designed for
operation in seawater typically employ
sacrificial anodes (usually zinc, near the
bottom of the galvanic series) to
intentionally draw the corrosion process
away from critical comp onents, such as
propellers and shafts made from more
noble metals or alloys.

Another example of galvanic corrosion
is in aircraft between the aluminum
structure and steel fasteners. Aluminum,
higher on the galvanic scale than steel, will
corrode where the two metals are in
contact. To prevent this, steel fasteners are
cadmium plated to reduce the galvanic
effect between steel and aluminum. Thus,
the metals in contact are aluminum and
cadmium, which are not subject to serious
galvanic attack. Note that modern
composites, such as graphites, may also
form galvanic couples with adjacent
dissimilar metals and materials leading to
corrosion deterioration. The dissimilar
metals and comp osite materials used in
exposed equipment onboard ships and land
vehicles will also exhibit galvanic corrosion.

2.1.2.7 Environmental
Embrittlement and Stress Corrosion
Cracking

It is well known that metals will corrode
and lose strength faster in the presence of
tensile stress and other environmental
conditions. The phenomenon of a
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superimposed static tensile stress on a
corroding metal is known as stress corrosion.
The rapid deterioration of high strength
aircraft alloys by stress corrosion, hydrogen
embrittlement, and mercury embrittlement
fall into this category of corrosion. This

type of corrosion occurs by the combined
and simultaneous action of corrosion and a
static tensile stress. Neither stress nor
corrosion acting separately would cause such
damage.

Unfortunately, all of the high strength
aerospace alloys, including aluminum, steel
and titanium, are susceptible to this type
of attack in such environments as fresh
water, moist air, sea water and other non-
specific mild environments. Certain alloys,
particularly those of titanium, do not
corrode or pit in fresh or salt water at
ambient temperatures, so that smooth
specimens of such alloy s do not experience
stress corrosion in these environments.
Environmental embrittlement and stress
corrosion cracking are found in aircraft,
ships and land vehicles where the exposed
structure is also under constant or cy clic
stress.

2.1.2.8 Corrosion Fatigue
Whereas stress corrosion or
environmental embrittlement requires an
enduring tensile stress, metallic failure due to
corrosion fatigue is caused by cyclic
stressing in mildly corrosive environments.
The speed of failure for corrosion fatigue is
cyclic dependent and not directly dependent
upon the time of exposure. In general, a
metal can withstand an infinite number of
stress cycles if the stress does not exceed a
certain value, called the fatigue or endurance
limit. If the same metal is subjected to
alternating or cyclic stresses in a corrosive
environment, fatigue cracking will occur
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much more readily, and a fatigue or
endurance limit is no longer accurate.

Cyclic loading that leads to fatigue
occurs in many ways on modern airframes.
Some of these are: airborne maneuvers,
vibrations (especially in helicopters), gust
loadings, and cabin pressurization cycles.

2.1.2.9 Combined Mechanisms
Some time dep endent mechanisms,

such as pitting and exfoliation, can serve to

initiate failures by stress corrosion and/or
corrosion fatigue. For examp le, corrosion

that begins as pitting on a helicopter blade
can lead to stress corrosion at that p oint as

the blade is loaded in flight. Cy clic loads,
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including vibrations, can accelerate the
fatigue process, which can then lead to
ultimate failure of the comp onent.

2.1.2.10 Summary

Corrosion of metal in military systems is
a highly complex phenomenon and takes
many different forms. The result of all
corrosion is the loss of strength of the
material and the structure. Understanding the
various forms and combinations of corrosion
is essential to determining the importance of
each and to finding the most appropriate
technologies for detection and
characterization of corrosion.
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Table 2.1 summarizes the types of
corrosion that can damage structures, and
their characteristics.

2.1.3 Factors Affecting Corrosion

The various processes of corrosion are
affected by several factors. Among these are
the type of material selected for the
application, the heat treatment of the
material, the environment of the application,
and the presence of any contaminants in the

material itself.

2.1.3.1 Effect of Material Selection
A fundamental factor in corrosion is the
susceptibility of the material itself. High-
strength, heat-treatable aluminum alloys are
susceptible to intergranular corrosion as well
as to pitting and general attack. All
magnesium alloys are highly susceptible to
general and pitting attack when exposed to
corrosive environments. Materials must be
selected primarily on the basis of structural

Table 2-1. Corrosion Types and Characteristics.
Type I
Uniform Exposureto corrosive Irregular roughening | Scale, metallic salts
Attack environment of'the exposed
surface
Pitting Impurity or chemical Localized pits or Rapid dissolution of the
discontinuity in the paint or | holes with base metal
protective coating cy lindrical shape and
hemispherical
bottom
Inter- Presence of strongpotential | Appears at the grain | Produces scale type
granular or differences in grain or phase | orphaseboundaries | indications at smaller
Exfoliation | boundaries as uniform damage magnitude than stress
corrosion
Crevice Afflicts mechanical joints, Localized damage in | Same as scale and pitting.
such as coupled pipes or the form of scale and | M ay induce stress due to
threaded connections. pitting expansion of the corrosion
Triggered by local difference product. In lap splices, this
in environment comp osition is called “pillowing.”
(Oxy gen concentration)
Filiform High humidity around Fine, meandering, Similar to scale. Lifting of
fasteners, skin joints or thread-like trenches | the coating.
breaks in coatingcause an that spread from the
electroly tic process source
Galvanic Corrosive condition that Uniform damage, Emission of mostly
Corrosion results from contact of scale, surface fogging | molecular hy drogen gas in a
different metals or tarnishing diffused form
Stress M echanical tensile stresses | Micro-macro-cracks | Inittially produces scale-
A P P (R [ | PR D TP Dl I SR O DR
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efficiency; therefore, corrosion resistance is
at times a secondary consideration at the
design level. Use of more corrosion resistant
materials normally involves additional
weight, which is considered to outweigh the
cost of preventing corrosion by proper
maintenance or by chemical surface
treatments and finishes.

2.1.3.2 Effect of Heat Treatment

Heat treatment of the alloy is a vital
factor in establishing resistance to corrosion
and is a factor over which definite control is
exercised. A rigid inspection procedure is
maintained, for both the heat-treating
processes and the facilities used, to ensure
proper heat treatment. To make certain that
replacement parts meet the heat-treating
specifications, it is essential that parts be
procured either directly from the
manufacturer or from approved sources, and
that heat-treatment processes be controlled
at qualified repair facilities.

2.1.3.3 Effect of Environment

Exposure to salt water, moisture
condensate, chemicals, and soil and dust in
the atmosphere affect the degree of
corrosion. The geographical flight routes and
bases of operation will expose some
airplanes to more corrosive conditions than
others. The same is true of ships and land
vehicle fleets. Ships operated in fresh water
do not deteriorate as quickly as similar
vessels operated in salt water. The truck
fleets positioned in Hawaii and the Pacific
are significantly more damaged by corrosion
than those in Europe, for instance. Corrosion
prevention and control requirements (and
therefore detection equipment) will vary
from one area to another.

2.1.3.4 Effect of Contamination
A ocorrosive action can result when a
contaminating material comes into contact
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with a metal surface; the degree of corrosive
action is determined by the composition of
such contaminatingmaterials and the length of
time they remain in contact. The extent of
corrosive attack can be minimized by frequent
cleaningto remove contaminatingdep osits. In
addition, anodic and chemical treatments as
well as proper paint finishes should be
maintained in clean and intact condition. The
primary purpose of these coatings is to
provide a barrier and temp orarily to prevent
the corrosive media from contacting the
underly ing metal, thereby allowing time for
their removal by periodic washing

2.2Corrosion Detection Technology
Areas

This study will concentrate on five
corrosion detection technology areas: 1)
visual/optical, 2) electromagnetic eddy
current, 3) acoustic ultrasonic, 4)
radiographic, and 5) thermographic. These
are the five most mature technology areas.

2.2.1 Visual

Visual inspection is the oldest and most
common form of NDI used to inspect
aircraft for corrosion. The physical principle
behind visual inspection is that visible light
is reflected from the surface of the part to
the inspector’s eyes. By observing the
appearance of the part, the inspector can
infer its condition. Visual inspection is a
quick and economical method of detecting
various types of defects before they cause
failure. Its reliability depends upon the
ability and experience of the inspector. The
inspector must know how to search for
critical flaws and how to recognize areas
where failure could occur. The human eye is
a very discerning instrument and, with
training, the brain can interpret images much
better than any automated device.
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Optical devices are available to aid the
naked eye in visual inspection and flaw
detection. This equipment can be used to
magnify defects that could not be seen by
the unaided eye or to permit inspection of
areas otherwise hidden from view.

Visual inspection is often conducted
using a strong flashlight, a mirror mounted
on a ball joint, and a magnifying aid.
Magnifying aids range in power from 1.5X
to 2,000X. Fields of view typically range
from 3.5 to 0.006 inches with resolutions
ranging from 0.002 to 0.000008 inches. A
10X magnifying glass is recommended for
positive identification of suspected cracks or
corrosion. Other inspection methods, such
as eddy current, ultrasonic and others, can be
used to verify questionable indications.

2.2.1.1 Techniques and
Technologies

Borescopes: A borescope is a long, thin,
rigid rod-like optical device that allows an
inspector to see into inaccessible areas by
transmitting an image from one end of the
scope to the other. Certain structures, such
as engines, are designed to accept the
insertion of borescopes for the inspection of
critical areas. A borescope can be thought of
as a highly specialized periscope that can
focus at extremely close distances.

A borescope works by forming an image
of the viewing area with an objective lens.
That image is transferred along the rod by a
system of intermediate lenses. The image
arrives at the ocular lens, which creates a
viewable virtual image. The ocular can be
focused for comfortable viewing. Borescopes
typically range from 0.25 to 0.50 inches in
diameter and can be as long as six feet.
Borescopes often incorporate a light near the
objective lens to illuminate the viewing area.
Different borescopes are designed to provide
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direct, forward oblique, right angle and
retrospective viewing of the area in question.

Fiberscopes: Fiberscopes are bundles of
fiber optic cables that transmit light from
end to end. They are similar to borescopes
with the difference that they are flexible.
They can be inserted into openings and
curled into otherwise inaccessible areas.
They also incorporate light sources for
illumination of the subject area and devices
for bending the tip in the desired direction.
Like the borescope, fiberscope images are
formed at an ocular or eyepiece.

Video imaging systems: Video imaging
systems (or “videoscopes”) consist of tiny
charge coupled device (CCD) cameras at the
end of a flexible probe. Borescopes,
fiberscopes and even microscopes can be
attached to video imagingsystems. These
systems consist of a camera to receive the
image, processors, and amonitor to view the
image. The image on the monitor can be
enlarged or overlaid with measurement scales.
Images can also be printed on paper or stored
digitally to obtain a pemmanent record.

2.2.1.2 Advantages and
Disadvantages

Surface corrosion, exfoliation, pitting and
intergranular corrosion can be detected
visually when proper access to the inspection
areais obtained. Obviously, visual inspection
can only detect surface anomalies. However,
some internal corrosion processes do exhibit
surface indications, such as pillowing or
flaking. The primary advantages of visual
inspection include its ability to be performed
quickly and inexpensively without the need
for complicated equipment. M odest training
is required, and typically no special safety
precautions need to be taken. Where
necessary, permanent records can be obtained
by photography or digital imaging and stored.
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The disadvantage of visual inspection is
that the surface to be inspected must be
relatively clean and accessible to either the
naked eye or to an optical aid such as a
borescope. Typically, visual inspection
lacks the sensitivity of other surface NDI
methods. Further, visual methods are
qualitative and do not provide quantitative
assessments of either material loss or
residual strength. Additionally, visual
inspection techniques can be man-hour
intensive and monotonous, leading to errors.

2.2.1.3 Current Research

Advanced visual inspection methods
include moiré and structured-light-based
optical profilometry, Diffracto Sight (a
patented process developed by Diffracto,
Ltd. of Canada), “edge of light”, and video
image enhancement analysis. Moiré¢ and
structured light are methods to visualize and
quantify surface height irregularities.
Diffracto Sight is a surface slope
visualization technique. Video image
processing is a computer-based methodology
for enhancing and analyzing video images for
flaw detection. The most promising
applications for these advanced visual
techniques are detection and classification of
corrosion-induced paint liftoff and pillowing
induced by corrosion between fraying
surfaces and in areas that would normally
require disassembly. Diffracto Sight, or D-
Sight as it is known, is in the process of
commercialization.

Morir¢ interferometry is a family of
techniques that visualize surface irregularities.
Many variations are possible, but the
technique most applicable to corrosion
detection is shadow moiré (sometimes called
projection moir¢) for surface height
determination. The Naval Air Development
Center has developed a hand-held test system
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that employs shadow moir¢ for field
inspection of possible damag sites in
composite structures on aircraft. A projection
moiré¢ system built and marketed by WYKO
Corp. of Tucson, Arizona, generates fringes
interferometrically and uses a fringe shift
algorithm to compute the surface contour.
Improvements in CCD camera resolution
should improve height resolution beyond the
current 0.01 inches.

The structured light technique is
geometrically similar to projected or shadow
moiré methods, and can be thought of as an
optical straight edge. Instead of fringe
contours being the resultant observation, the
departure from straightness of a projected
line is the observable. Using image
processing techniques, the surface profile
can be calculated.

D-Sight has the potential to map areas of
surface waviness as well as identify cracks,
depressions, evidence of corrosion and other
surface anomalies. D-Sight is a method by
which slope departures from an otherwise
smooth surface are visualized as shadows. It
can be used in direct visual inspection or
combined with photographic or video
cameras and computer-aided image
processing. The concept of D-Sight is related
to the schlieren method for visualizing index
of refraction gradients or slopes in an optical
system.

One possible problem with D-Sight is
that the technique shows virtually every
deviation on the surface, regardless of
whether it is a defect or a normal result of
manufacture. This statement is true of all
optical/visual techniques. The more sensitive
the technique, the more it will show. The
key then is the ability to distinguish between
these surface deviations. In this respect,
enhanced visual techniques are similar to



